Introduction
============

Reconstructuring the microenvironment in which the stem cells live is one promising approach to the design of regenerative biomaterials [@B1]. The stiffness, nanotopography and chemistry of the biomaterials are frequently designed to mimic the signal information present in the native tissue microenvironment to modulate stem cell differentiation and tissue regeneration [@B2]-[@B6]. Engler et al. discovered that the mesenchymal stem cells (MSCs) lineage specification is sensitive to the elasticity of the extracellular envirionment [@B7], which has inspired many studies on the use of materials stiffness to modulate stem cell behaviors [@B8], [@B9]. Moreover, many researchers have shown that the micro/nano-topographies could provide mechanoregulation to drive the differentiation of MSCs [@B10]-[@B12]. All above studies on the effects of the physical cues on the cell/materials interactions will advance the therapeutic uses of stem cells. However, the physiological electro-microenvironment of a target tissue is rarely considered during the design of tissue regenerative biomaterials. In fact, piezoelectricity is naturally present in the human body though it has not been fully explored for regenerating tissue.

For instance, the piezoelectricity of living bone is fundamental for the growth of bone as well as the repair of bone fractures [@B13]-[@B16]. Previous studies have demonstrated that the origin of the piezoelectric phenomenon in bones could be attributed to the aligned collagen molecules, which are the basic organic component of natural bone [@B17]. Collagen molecules are parallel-aligned into fibrils and become mineralized to form the extracellular matrix of bone [@B18], [@B19]. Namely, due to the piezoelectricity of collagen fibrils, the extracellular matrix of bone can be pictured as parallel interspersed domains of fibrous piezoelectric collagenous materials and non-piezoelectric non-collagenous materials, resulting in the spatially specific positive charges localized on the collagenous domains (**Figure [1](#F1){ref-type="fig"}a**) [@B20]. In addition, it is proposed that an external electrical cue, though not arising from piezoelectricity, can modulate stem cell behaviors [@B21]-[@B24]. Hence, we believe that mimicking interspersed piezoelectric microzones in bone is an alternative strategy for inducing bone formation on the orthopedic implants (**Figure [1](#F1){ref-type="fig"}b**). Specifically, we propose to form two parallel microzones (with higher and lower piezoelectricity) on an implant to mimic the distribution of collagenous (piezoelectric) and non-collagenous (non-piezoelectric) domains. Then we evaluate the capability of the resultant implants, termed microscale piezoelectric zones (MPZs), in inducing osteogenic differentiation *in vitro* and bone formation *in vivo* (**Figure [1](#F1){ref-type="fig"}b**).

To prove our hypothesis, for the first time, we employed piezoelectric K~0.5~Na~0.5~NbO~3~ (KNN) ceramics to produce MPZs. The displacement of atoms in the KNN crystalline lattice could induce phase change of KNN [@B25], [@B26]. To construct MPZs, the surface of KNN originally made of a mixture of orthorhombic and tetragonal phases with higher piezoelectricity is selectively heated by laser to induce the phase change, where orthorhombic phase is converted into tetragonal phase. Namely, the laser-irradiated KNN area (termed LK) is of lower piezoelectricity than the pristine non-irradiated KNN area (termed PK). Surprisingly, the bone-mimetic MPZs induced osteogenic differentiation and bone regeneration more efficiently than the original KNN and other control non-piezoelectric substrates such as hydroxyapatite (HA).

Materials and methods
=====================

Construction of MPZs on KNN ceramics
------------------------------------

The potassium carbonate (99.0%, Aladdin, China), sodium carbonate (99.5%, Aladdin, China) and niobium oxide (99.99%, Aladdin, China) were mixed at a molar ratio of 1:1:2 to prepare K~0.5~Na~0.5~NbO~3~ (KNN) samples. The raw materials were ball-milled in ethanol at 250 rpm for 12 h and then dried at 75 °C for 24 h. The dried powders were calcinated at 750 °C for 2 h, and then 8 wt % poly(vinyl alcohol) (PVA, Aladdin, China) was added to the calcinated powders for granulation. The granular powders were uniaxially compressed into disk-shaped samples under 200 MPa for 30 min through cold-isostatic pressing. These pellet samples were sintered in an electric muffle furnace at 1080℃ for 2 h. To acquire bone-like, relatively lower piezoelectric properties, the samples were subsequently polarized under an applied electric field of ∼5 kV/cm for 20 min. HA nanopowder (Aladdin, biomedical grade) was also uniaxially compressed into disk-shaped samples under 200 MPa for 30 min through cold-isostatic pressing. The compressed samples were sintered at 1200 °C for 4 h to acquire the control group samples (termed HA group). KNN and HA samples were then subjected to gradient grinding with abrasive paper of different grades (1000\#, 2000\#, 3000\# and 5000\#). The focused laser beam, exerted by an IPG solid-state laser (λ=1064 nm, Handslaser, China), was used to induce microzone phase transitions to construct the MPZs on the KNN. The laser parameters of power and laser scanning speed were set as 2.8 W and 100 mm/s, respectively. The intervals of the MPZs could be adjusted by using the CAD software (HL software, Handslaser, China) to manipulate laser canning pathways.

MPZs characterization
---------------------

The morphology and element distribution of the MPZs were characterized using a scanning electron microscope (SEM) and an energy dispersive spectrometer. Piezoelectric force microscopy (PFM, MFP-3D, Asylum Research, USA) was used for piezoelectricity examination. For the PFM observations, the sintered KNN samples were ground to approximately 200 μm and then polished with polycrystalline diamond paste with abrasive particles of up to 3 μm. The PFM signal was acquired under an AC voltage of 1-5 V and a frequency of 50 kHz. Scanning Kelvin probe microscopy (SKPM) was employed to analyze the surface potential difference at the micro-boarder of MPZs. Surface roughness of the MPZs and controls was analyzed using the atomic force microscopy (AFM). Each analysis was performed in a 20 μm × 20 μm area. The piezoelectric coefficient d~33~ of the groups was determined using a quasi-static piezoelectric constant testing meter (YE2730A, Yutian Technology Co. Ltd., China).

*In vitro* cell culturing and seeding
-------------------------------------

For sterilization, both sides of samples were exposed under an ultraviolet ray for 30 min after immersed in 70% ethanol for 60 min. Mouse bone marrow-derived mesenchymal stem cells (BMSCs) were purchased from ATCC (CRL-12424, ATCC, USA), and BMSCs before passage 5 were used for the *in vitro* assay. The BMSCs suspended in normal growth media (10% FBS+DMEM, Gibco) were seeded on the samples surface for the morphological observations and the osteogenesis experiments. The cells were cultured in a humidified atmosphere with 5% CO~2~.

Actin staining and BMSCs proliferation
--------------------------------------

Actin staining was conducted to examine the BMSCs morphology on the MPZs and control surfaces. BMSCs cultured for 3 days were used for actin staining. To stain the cells, the cells on the samples surface were fixed with 4% paraformaldehyde for 10 min, and then permeabilized in 0.1% Triton X-100 solution for 5 min. After washed with PBS containing 0.1% Triton X-100, the samples were stained with an Actin-Tracker Green (Beyotime, Beijing, China) solution. The cytoskeleton of the stem cells was observed by a confocal laser scanning microscope (TSC SPE, Carl Zeiss Group, Germany). The aspect ratio of the BMSCs on MPZs and controls was determined by analyzing their Actin-Tracker Green fluorescent images using image J software (National Institutes of Health, USA). Proliferation of BMSCs was determined using Quant-iT dsDNA Assay (PicoGreen, Invitrogen, USA). The BMSCs were cultured for 1, 3 and 5 days, and washed with sterilized PBS and stored at -80 ℃. The samples were exposed to proteinase K to release dsDNA. 10 μL dsDNA supernatant was mixed with 10 μL PicoGreen reagent in dark room for 5 min. The mixture was then measured using a spectral scanning multimode reader (Varioskan Flash, Thermo-Fisher Scientific, UK).

*In vitro* osteogenesis assay
-----------------------------

After cultured for 7 days, the BMSCs were lysed to measure the alkaline phosphatase (ALP) activity, by quantifying the converted yellow p-nitrophenol (pNP) at 405 nm. The ALP activity divided by the cell protein concentration was obtained to quantify the osteogenic properties of the BMSCs cultured on MPZs and controls. For ALP staining assay, the BMSCs cultured for 7 days were stained using BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime, Beijing, China). The photographs of the stained samples were taken using digital camera (D7110, Nikon, Japan).

Immunofluorescent staining of Runx2, Col Ⅰ and OPN expression was used for examining the osteogenic markers. BMSCs was seeded on the MPZs and controls for 7 days (for Runx2 assay) and 14 days (for OPN and Col Ⅰ assay). The samples were rinsed with PBS for three times and fixed with 4% paraformaldehyde for 15 min. After washed for three times, the fixed cells were penetrated with 0.1% Triton X-100 for 15 min. The 1% PBS solution of bovine serum albumin was used to block the samples. After the block solution was removed, the anti-Runx2 antibody (ab23981, Abcam), anti-Collagen I antibody (ab34710, Abcam) and anti-OPN antibody (ab91655, Abcam) diluted at a ratio of 1:100 were added to the samples surface, respectively, and the mixtures were incubated at 37 °C for 1 h in dark. Then the samples were cultivated with goat anti-rabbit IgG antibody (bs-0295G-HRP, Bioss, China) for 30 min. The immunostained samples were observed by a confocal laser scanning microscope (SP8, Leica, Germany). Further quantitative analysis of the fluorescent images of the stained proteins was done using the image J software. The quantified fluorescence intensity of the osteogenic proteins was normalized to the fluorescence intensity of the DAPI staining the cell nuclei. To examine the piezoelectric stability of the samples in the biological systems, the samples were immersed in DMEM solution for 30 days. Then the samples were rinsed with PBS and dried before the measurement of the piezoelectric coefficient d~33~.

Evaluation of the *in vivo* osteogenic performance of the MPZs
--------------------------------------------------------------

A rabbit formal condyle bone defect model, which is a load-bearing defect model, was created to evaluate the bone regeneration performance of MPZs *in vivo*. The research was approved by the Animal Care and Use Committee of General Hospital of Guangzhou Military Command of PLA. Twelve male New Zealand rabbits (3 month old, \~2.5 kg) were randomized into 3 groups and anesthetized with pentobarbital sodium. To generate defect models, defects (5 mm long and 3 mm wide) parallel to the long axis of the femur were created at the knee joint capsule of both femurs of each rabbit. Two samples were implanted into each animal, with one sample in one of the two legs. The polarized MPZs specimens and their controls were implanted into the defect site. For KNN and the MPZs samples, they were placed into the defect sites in such a way that the positively polarized side faced the deep side of bone marrow cavity. The animals were sacrificed to evaluate the bone formation using micro-computed tomography (micro-CT) (Latheta, Aloka co., LTD, Tokyo, Japan) after implantation for four weeks. The three-dimensional structure of the newly built bone on the femoral peri-implant region was reconstructed using Mimics software (version 14.11, Materialise, Belgium). After Micro-CT scanning, the samples were dehydrated in gradiently concentrated ethanol. Then the dehydrated samples were embeded in light-curing epoxy resin (Technovit 7200VLC, HereausKulzer, Wehrheim, Germany) through light polymerization. The embeded samples were bonded to the plastics slide and sectioned along the parallel direction of the long axis of the implants to get a slice with a thickness about 100 μm using a saw microtome (EXAKT-300CP, German). Then the bonded slices of samples were grounded to about 20 μm thick using a grinding machine (EXAKT-400CS, German). Then the sections of specimens were used for H&E staining and backscattered SEM observation [@B27].

Statistical analysis
--------------------

All of the data are presented as the mean ± standard deviation. Significant differences were determined using a one-way analysis of variance (ANOVA) in SPSS 17 (IBM, Armonk, New York, USA) software (n = 4, \*\*p \< 0.01, \*p \< 0.05).

Results and Discussion
======================

Construction and characterization of the MPZs
---------------------------------------------

KNN ceramics prepared by conventional pressing and sintering were used in this research. A computer-controlled focused laser beam was used to perform site-specific irradiation of the KNN to convert selected zones to low piezoelectricity phases, resulting in periodically organized LK and PK zones on the KNN surface. When a laser beam at the proper power was irradiated upon the KNN surface, the absorbed laser energy was rapidly converted to local heat, which raised the temperature and induced compositional and phase transitions in a confined microscale area [@B28]. Finally, the periodic distribution of microscale piezoelectric PK and LK zones could be adjusted by simply designing the laser scanning distance using a computer program **(Figure [2](#F2){ref-type="fig"}a).** Energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) analyses were conducted to examine the element and phase compositions to explore the source of different piezoelectricity on the MPZs (Figure [2](#F2){ref-type="fig"}b-d). EDS mapping (Figure [2](#F2){ref-type="fig"}b and c) confirmed that there is a significant decrease in Na and K elemental compositions in the LK zones compared with that of the PK zones. This decrease was generated through element evaporation induced by the temperature increase during laser irradiation as expressed in equation (1).

where M represents the alkali elements (Na and K) and V and h represent vacancy and electrons, respectively. It should be noted that the volatility of the alkali elements reduces the piezoelectricity of the LK zone [@B29]. The piezoelectric performance of KNN-based ceramics is known to be dictated by the perovskite phase structure. The phase composition of non-irradiated KNN (representing the PK zone) and completely irradiated KNN (representing the LK zone) were examined through XRD spectra as shown in Figure [2](#F2){ref-type="fig"}d. To determine the phase composition of the PK and LK zones, we assessed the relative intensities of (002) and (200) peaks, which are magnified in the inset of Figure [2](#F2){ref-type="fig"}d. For the orthorhombic phase, this ratio (I~002~/I~200~) is approximately 2:1, whereas for the tetragonal phase, the ratio is 1:2 [@B30], [@B31]. For pristine KNN, the (200) and (002) peaks were of similar magnitude, which indicates the co-existing of orthorhombic and tetragonal phases. However, for the laser-irradiated KNN, the (002) peak was much weaker than the (200) peak, indicating that the tetragonal phase was more pronounced and demonstrating that the high temperature caused by laser irradiation changed the phase composition. It is known that when the amount of the tetragonal phase is increased in the binary phase mixture, the piezoelectricity will be reduced [@B31]. These results indicate that the piezoelectricity of the PK zone would be higher than that of the LK zone.

Electrical performance of MPZs
------------------------------

The piezoelectricity of the PK and LK zones were compared. PFM was used to measure the piezoelectric response of the non-irradiated KNN and completely irradiated KNN samples. For the non-irradiated KNN and completely irradiated KNN samples, the phase (**Figure [S1](#SM1){ref-type="supplementary-material"}a, b**) and amplitude mappings (Figure [2](#F2){ref-type="fig"}e, f) of the PFM images were consistent. The amplitude piezoresponse of the non-irradiated KNN and completely irradiated KNN samples were averaged to \~220.2 pm and 6.2 pm under 1 V AC and 5 V AC, respectively. The results suggested that the non-irradiated KNN samples produced excellent piezoelectricity. They also confirmed that the non-irradiated KNN sample produced a greater piezoelectric response than the completely irradiated KNN sample [@B32], [@B33], implying that PK zone would have higher piezoelectricity than the LK zone. Finally, the surface potentials of the polarized PK and LK zones were measured on the MPZs to confirm the spatially specific electrical cue caused by differences in piezoelectricity. We examined the surface potential of the borders between the PK and LK zones by SKPM to determine the surface potential difference between the PK and LK zones. The SKPM analysis indicated that the surface potential of the LK zone was negatively shifted by \~59 mV compared with that of the PK zone (Figure [S1](#SM1){ref-type="supplementary-material"}c), which confirmed the surface potential difference between the PK and LK zones after poling. The MPZs with specific piezoelectricity was expected to provide electrical cue to simulate the *in vivo* bone electro-microenvironment.

The evaluation of the *in vitro* BMSCs behaviors on MPZs and controls
---------------------------------------------------------------------

To determine whether biomimetic MPZs can induce and promote osteogenic differentiation, two control groups, KNN (unmodified but polarized) and HA discs were prepared. HA is a component of bone and has been widely used as a bone repairing material [@B34]. In this research, the HA samples were prepared by the cold-isostatic pressing and sintering of the biomedical grade HA nanopowder (**Figure [S2](#SM1){ref-type="supplementary-material"}**). The EDS (Figure [S2](#SM1){ref-type="supplementary-material"}a, inlet) and XRD (Figure [S2](#SM1){ref-type="supplementary-material"}b) spectra indicate that the sintered ceramics were indeed HA. AFM characterization indicates that the surface roughness of the KNN group, PK-zone of MPZ group and HA group was similar (Figure [S3](#SM1){ref-type="supplementary-material"}) whereas the surface roughness of the LK-zone of the MPZ group was lower than the KNN group due to laser irradiation. Prior to the cell culture experiments, all the KNN and MPZs group samples were polarized under an applied electric field (∼**5** kV/cm). First, we examined the ability of BMSCs to proliferate on the MPZs using a Quant-iT dsDNA Assay (**Figure [3](#F3){ref-type="fig"}a**). On day 3, the HA group showed a higher cell proliferation rate than the MPZs and KNN group. The cell proliferation rate should have been influenced by the polarization of the BMSCs on the charged KNN and MPZs surfaces [@B35]-[@B37]. However, the cell proliferation rate of the MPZs surpassed that of KNN and HA controls on day 5, indicating that the MPZs proliferated well after 5 days of culture.

To further examine the cell morphology, immunofluorescent staining of the actin cytoskeleton with phalloidin was conducted on day 3. The BMSCs on the MPZ and KNN groups showed a relatively large spreading area compared with the cells on the HA surface, which indicated that the KNN and MPZ groups could promote cell attachment. Since we cultured the cells on the positively polarized side of the piezoelectric materials, this discovery is in accordance with previous studies where the positively charged surfaces were found to promote cell attachment and spreading [@B38], [@B39]. The electrostatic force between the positively charged samples (KNN or MPZs) and BMSCs (negatively charged in a physiological environment) would promote cell attachment and spreading. In addition, the BMSCs on the MPZs showed a larger aspect ratio than those on the KNN group and were aligned along the direction parallel to the border of the PK and LK zones (Figure [3](#F3){ref-type="fig"}b-d and S4). The modulation of the cell orientation and morphology was attributed to the spatially distributed electrical cue of MPZs. After the BMSCs were seeded on the MPZs, they could sense and respond to the electrical cue above the MPZs through the charged surface proteins and glycoproteins, inducing endogenous bioelectrical signals that modulated cell adhesion [@B23], [@B40]. The cell morphology, proper aspect ratio and cytoskeleton orientation would further influence BMSCs differentiation [@B41].

To examine the effect of MPZs on BMSCs differentiation, the activity of ALP, an early-stage osteogenic marker, was determined. ALP staining was conducted on the MPZs and control groups. The cells were cultured in growth media (i.e., non-osteogenic media) to exclude the influence of osteogenic inducers in the media. Both the colorimetric ALP enzymatic activity assay kit (**Figure [4](#F4){ref-type="fig"}a**) and ALP enzymatic staining (Figure [4](#F4){ref-type="fig"}b) results suggested that the MPZs significantly promoted the expression of ALP compared with the other groups. An almost three-fold promotion of ALP expression could be observed on the MPZs on day 7 compared with that on the KNN group, suggesting that MPZs could more efficiently simulate the *in vivo* bone electro-microenvironment to promote osteogenic differentiation of BMSCs. Meanwhile, the MPZs also significantly promote the expression of ALP compared to the un-polarized MPZ (U-MPZ, not charged on the surface), which means that it is the spatially distributed charges that makes MPZs promote osteogenic differentiation.

The osteogenic differentiation of BMSCs cultured on MPZs and controls was further evaluated by examining the expression of osteogenic markers. Runt related transcription factor 2 (Runx2), Collagen Ⅰ (Col Ⅰ) and osteopontin (OPN) are the main extracellular matrix (ECM) proteins secreted during the osteogenic process. The Runx2 could regulate osteogenic gene expression and is essential for osteogenic differentiation. Both OPN and Col Ⅰ function in the formation of bone nodules to develop mineralized bone [@B42], [@B43]. After cultured with MPZs and controls for 7 days, the cells were immunostained for Runx2 (**Figure [5](#F5){ref-type="fig"} and S5**). The cells cultured on the MPZs show enhanced expression of Runx2 compared to the KNN, U-MPZ and HA groups, which is indicated by the immunofluorescent intensity. Quantitative analysis of the stained proteins also suggested the superior enhanced expression of Runx2 by the BMSCs on the MPZs. Moreover, the cells were immunostained for the Col Ⅰ and OPN (**Figure [5](#F5){ref-type="fig"}**) after cultured with MPZs and controls for 14 days. The cells cultured on the MPZs also show enhanced expression of Col Ⅰ compared to the KNN, U-MPZ and HA. An obvious promotion in the expression of OPN by the MPZ group compared to other control substrates is also observed in Figure [5](#F5){ref-type="fig"} and S5. The osteogenic markers analysis indicated that the MPZs induced the osteogenic differentiation of BMSCs. The fact that both KNN and U-MPZ are not as osteogenic as MPZs suggests that the surface charge as well as its spatial distribution, resulting from the unique bone-like microzoned distribution of PK and LK with higher and lower piezoelectricity respectively, are essential for MPZs to achieve effective osteogenesis. Although the surface roughness of the LK-zone of the MPZ group was significantly lower than that of the PK-zone (of the MPZ group) and the KNN group (Figure [S3](#SM1){ref-type="supplementary-material"}), the poor osteogenic performance of the U-MPZ control group compared to the MPZ group confirmed that the influence of surface roughness to the stem cell differentiation could be ignored compared to the microzoned distribution of piezoelectricity. To test the stability of the piezoelectricity of the MPZs, the MPZs were immersed in DMEM solution for 30 days. The results indicate that the immersed samples presented a piezoelectric coefficient d~33~ of 4.86±0.98 pC/N, which is close to the original piezoelectric coefficient d~33~ of 4.99±0.91 pC/N.

*In vivo* osteogenic performance
--------------------------------

Because the microscale piezoelectric structures (MPZs) mimic bone in terms of piezoelectricity, they could promote cell adhesion and proliferation and induce osteogenic differentiation in the absence of additional chemical inducers. We further conducted an animal implantation experiment to assess the *in vivo* bone regeneration in proximity to the polarized MPZs and two controls (KNN and HA). To compare the bone regeneration on the MPZ group with the control groups, the cylindrical samples (3 mm in diameter) of the MPZ group and the two control group were fabricated as rods using the same sintering process and laser-irradiation parameters as applied to the ceramic plates. After poling, the samples were implanted into the New Zealand rabbit femoral condyles. Bone growth was evaluated 4 weeks after implantation by harvesting the femoral bones with the implants. The samples were analyzed with micro-CT. 3D reconstructions of the micro-CT images revealed that the MPZs could significantly induce bone regeneration and achieved greater bone repair than the other groups (**Figure [6](#F6){ref-type="fig"}a-c**, where the newly grown bones are shown in green and the implant samples are shown in yellow). The quantitative analysis of the micro-CT images indicates that new bone tissue formed on the MPZ group is more than that on the other control groups (**Figure [S6](#SM1){ref-type="supplementary-material"}**).

In the *in vivo* environment, because of the slight movements and vibrations of the body, a dynamic electrical cue would be induced on the surface of the MPZs samples, mimicking the electrical cue exerted by the piezoelectric collagen fiber pattern in the native bone tissue [@B44]. The 3D reconstruction of the implants and bone interface confirmed that this dynamic electrical cue from the MPZs implant could more efficiently promote the bone regeneration process than the unmodified KNN (Figure [6](#F6){ref-type="fig"}a-c). In addition, both histological (Figure [6](#F6){ref-type="fig"}a1-c1) and backscattered-SEM observation (Figure [6](#F6){ref-type="fig"}a2-c2) of the implants suggest that more newly formed bone covered the polarized MPZs surface than the polarized KNN and HA surface. The newly formed bone tissue with osteocytes in lacunae could be observed on the MPZ groups. Furthermore, the newly formed bone was firmly attached to the MPZ implants surface as shown in the backscattered-SEM image. However, the woven bone of KNN and HA groups were lined by osteoblasts, suggesting that bone formation on the interface was still in progress. All the results proved the enhanced bone regeneration around the MPZs implant surface.

The advanced bone regeneration ability of the MPZs could be attributed to the spatially specific electrical cue generated by the MPZs. Electric stimulation has been widely used to modulate stem cell differentiation and bone regeneration in the previous studies [@B45], [@B46]. However, no previous study was focused on simulating the microzoned piezoelectric property of the native bone to provide effective electric stimulation to the stem cells for bone regeneration. The MPZs could simulate the spatially specific piezoelectricity of the native bone. When being implanted into the bone, the MPZs would act as a dynamic electrical cue source like the extracellular matrix of natural bone. It is possible that the bone-like spatially specific electrical cues can favor the recruitment of BMSCs from the surrounding healthy tissue to the bone defect site. Then the BMSCs are induced to differentiate into osteoblasts for bone regeneration. As the piezoelectricity represents the electrical microenvironment of natural bone, the use of microscale piezoelectric materials to mimic a bone-like electrical microenvironment will have substantial implications for future design of bone regenerative materials [@B47].

Summary
=======

This study described the construction of periodically organized MPZs to mimic the piezoelectricity distribution in the natural bone to induce osteogenic differentiation and bone regeneration. A selective laser-irradiation process was introduced to create microzones with piezoelectricity differences and construct electroactive MPZs on the KNN surface to mimic the spatially specific distribution of functionalized piezoelectric structures in bone. The hierarchical MPZs surface could induce osteogenic differentiation *in vitro* and bone regeneration *in vivo*. The use of microscale piezoelectric materials to mimic *in vivo* electrical microenvironment will shed light on the manipulation of stem cell behavior and tissue regeneration by controlling piezolectric cues.
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![Construction of microscale piezoelectric zones (MPZs) to mimic piezoelectric microzones in natural bone for bone defects repair. a) The parallel piezoelectric collagen fibers (separated by non-piezoelectric zones) in living bone can generate parallel collagenous domains of a positive charge (due to the unique interspersed distribution of piezoelectric and non-piezoelectric domains), representing an *in vivo*physiological electro-microenvironment. b) To mimic such electro-microenvironment resulting from piezoelectric collagen fibers, MPZs were fabricated by set-selective laser irradiation and poling on the KNN surface (Middle) and then implanted into bone defect model to evaluate the bone regeneration on the MPZs. PK stands for non-irradiated pristine KNN zone, which preserves the original structure of a higher piezoelectricity and mimics the piezoelectric collagenous fibers in bone (a). LK stands for laser-irradiated KNN zone, which presents a lower piezoelectricity and mimics the non-piezoelectric domains in natural bone (a). The red arrows show the direction of piezoelectric domains of the MPZs. More positive charges were generated on the PK zone than on the LK zone (due to the interspersed distribution of domains of higher and lower piezoelectricity) after poling to mimic *in vivo*physiological electro-microenvironment.](thnov07p3387g001){#F1}

![Construction and characteristics of the MPZs. a) SEM image of constructed MPZs with 50 μm domain intervals on the KNN surface. b, c) Elemental mapping (b, Na; and c, K) of the MPZs surface. d) XRD patterns of pristine KNN and laser-irradiated KNN. The inset is the magnified image of the XRD patterns at approximately 45°. The XRD results indicate that the pristine KNN is mainly composed of orthorhombic and tetragonal phases, whereas laser-irradiated KNN is mainly composed of a tetragonal phase. e and f) Amplitude mapping of the vertical PFM of pristine KNN (\~220 pm) and laser-irradiated KNN (\~6 pm). The results indicate that periodic microscale zones with different piezoelectricity were constructed.](thnov07p3387g002){#F2}

![Morphology, proliferation and differentiation of BMSCs on the MPZs and control surfaces. a) Quant-iT dsDNA Assay of BMSCs on the samples. The assay was repeated twice and expressed as means ± s.d.. Significant differences were determined using a one-way analysis of variance (ANOVA) followed by LSD-t test. (\*\*) and (\*) indicates a statisctic difference at p \< 0.01 and p \< 0.05, n=6. b-d) Fluorescence images of the actin skeletons of BMSCs on the MPZs surface and control samples after cultured for 3 days: b) polarized KNN, c) MPZs, d) HA. Scale bar: 75 μm. These images show that BMSCs on the MPZs are elongated and aligned along the MPZs substrate. The BMSCs on HA show a reduced adhesion area. F-actin was stained by FITC-labeled phalloidin (green).](thnov07p3387g003){#F3}

![ALP enzymatic activity analysis. a) ALP enzymatic activity of the BMSCs cultured on samples in non-osteogenic growth media for 7 days; the results show that MPZs significantly upregulate ALP activity. The assay was repeated twice and expressed as means ± s.d.. Significant differences were determined using Kruskal-Wallis Test. (\*\*) indicates a significant difference at p \< 0.01 compared to HA condition, n=4. b) Osteogenic differentiation visualized by ALP enzymatic staining after 7 days of incubation in growth media; the results suggest that MPZs induce osteogenic differentiation even in non-osteogenic media. KNN: unmodified but polarized KNN; MPZ: modified and polarized KNN; U-MPZ: modified but un-polarized KNN; HA: non-polarized hydroxyapatite.](thnov07p3387g004){#F4}

![Immunocytochemistry of osteogenic protein, Runx2, Col Ⅰ and OPN, expressed by BMSCs cultured on different substrates in non-osteogenic growth media for 7 days (Runx2) and 14 days (Col Ⅰ and OPN). The results indicate that the MPZs promote the expression of Runx2, Col Ⅰ and OPN compared to the controls. The Runx2, Col Ⅰ and OPN were stained in green color with FITC. The nuclear stain is in dark blue with DAPI. KNN: unmodified but polarized KNN; MPZ: modified but polarized KNN; U-MPZ: modified but un-polarized KNN; HA: non-polarized hydroxyapatite.](thnov07p3387g005){#F5}

![*In vivo* osteogenesis on cylindrical MPZs and controlled implants after four weeks. (a-c) 3D reconstructed micro-CT images of new bone tissue formed around the implanted KNN (a), MPZs (b) and HA (c) cylinders, respectively. The pink color shows the regenerated new bone, whereas the yellow color shows the implants. (a1-c1) are the microscopies of hematoxylin-eosin staining of the bone/implant interface of KNN (a1), MPZs (b1) and HA (c1) cylinders, respectively. (a2, c2) are backscattered-electron SEM images of the bone/implant interface of KNN (a2), MPZs (b2) and HA (c2) cylinders. All results indicate that that the MPZs sample induced and promoted bone regeneration most efficiently among all three groups.](thnov07p3387g006){#F6}
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